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A model for electroweak unification of quarks and leptons, in a gauge group SUC(3) × SU(4) ×
UX(1) is constructed. The model requires, three generations of quarks and leptons which are replicas
(mirror) of the standard quarks and leptons. The gauge group SU(4) × UX(1) is broken in such a
way so as to reproduce standard model and to generate heavy masses for the vector bosons (W±Rµ ,
Z
′
µ,Z
′′
µ ), the leptoquarks and mirror fermions. It is shown lower limit on mass scale of mirror fermions
is mE ≥
mZ
2
, E− being the lightest mirror fermion coupled to Z boson. As the universe expands,
the heavy matter is decoupled at an early stage of expansion and may be a source of dark matter.
Leptoquarks in the model connect the standard model and mirror fermions. Baryon genesis in our
Universe implies antibaryon genesis in mirror Universe.
I. INTRODUCTION
A unification model based on the gauge group SU(4), with sin2 θW = 1/4 at the unification mass scale 5.8TeV, was
proposed in 1984 [1]. Although leptons of standard model can be assigned to the representation 4R or equivalently
4∗L, the cancelation of anomaly requires Hahn-Nambu quarks [2] with integral charges. Several models based on the
extension of SU(4) to the semi-simple group SUC(3)× SU(4)×U(1) have been constructed [3]-[7]. However all these
models require extra quarks and leptons beyond those of standard model group SUC(3)× SUL(2)× UY (1).
By extending the group SUL(2)×UY (1) to SU(4)×UX(1), a model is proposed in this paper to unify two separate
multiplets of quarks and leptons of standard model in a single multiplet of electoweak unification group SU(4)×UX(1).
However the unification requires pairing of three generations of quarks (leptons) of the standard model with three
generations of mirror leptons (quarks) in the fundamental representation 4L or 4R of SU(4).
It is an attempt for electroweak unification of quarks and leptons in contrast to unification of quarks and leptons
of standard model in a grand unification group G ⊂ SUC(3)× SUL(2)× UY (1).
The grand unification group SU(5) is most economical; quarks and leptons of standard model are assigned to
the representations 5 + 10 of SU(5). Out of twenty four vector bosons of SU(5), eight are gluons, four bosons of
standard model and twelve are lepto-quarks. In SU(5) the selection rule ∆(B − L) = 0 holds. The proton life time
τp(p → e+π0) ∼ 4 × 1029, predicted in SU(5), contradicts the experimental limit τp(p → e+π0) ∼ 5 × 1032. The
extension of SU(5) to minimal supersymmetric model (MSSM) SU(5),(to avoid the above problem and for unification
of three coupling constants of standard model at GUT scale) is rich in proliferation of fermions and bosons with large
number of unknown parameters [8]. It is hard to go beyond standard model without proliferations of fermions and
bosons. In this respect, electroweak unification model formulated in this paper is not different as it requires mirror
fermions. Out of sixteen vector bosons in this model, eight are lepto-quarks, eight are vector bosons (W±Lµ, Zµ, Aµ)
and (W±Rµ, Z
′
µ, Z
′′
µ). The lepto-quarks connect the ordinary and mirror fermions.
Lower limit to the mass scale of mirror fermions is obtained from the fact that decay width of Z-boson is accurately
accounted for in terms of the decay channels available in the standard model. Hence the decay channel Z → E−E+,
involving the lightest mirror fermions, gives the limitmE ≥ mZ/2; assuming similar mass hierarchy for mirror fermions
as for standard model fermions, one would expect left-handed mirror neutrinos νEi to be stable and good candidates
for dark matter. Another feature of electroweak unification model is that matter dominated our Universe implies
antimatter dominated mirror Universe.
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2II. ELECTROWEAK UNIFICATION GROUP SU(4) × Ux(1)
The group SU(4) has SUL(2)× SUR(2)× UY1(1) as its subgroup with three diagonal matrices:
τ3 = λ3 : diag(1,−1, 0, 0)
s3 =
1√
3
(
−λ8 +
√
2λ15
)
: diag(0, 0, 1,−1)
Y1 =
2
3
√
3
(
2λ8 +
√
2λ15
)
: diag(2/3, 2/3,−2/3,−2/3)
Q(SU(4)) =
1
2
(τ3 + s3 + Y1) : diag(5/6,−1/6, 1/6,−5/6) (1)
A charge structure of fermions not realized in nature. First we note that at unification scale, sin2θW = e
2/g2=9/26
≈ 0.346 to be compared with the SU(5) value sin2θW=3/8 ≈ 0.375. To see this, we note that
c21 =
1
2
TrY 21 = 8/9 (2)
Let B1µ be the vector boson associated with UY1(1) with the gauge coupling constant g1:
g21 =
g2
c21
=
9g2
8
(3)
Now
1
e2
=
2
g2
+
1
g21
=
26
9
1
g2
(4)
giving sin2θW =9/26 at the unification mass scale.
With odd charge structure of fermions, the proposed SU(4) is not realized in nature; it must be extended to
SU(4)× UX(1) ⊃ SUL(2)× SUR(2)× UY1 × UX(1)
with
Q =
1
2
(τ3 + s3 + Y1 + YX) (5)
For
YX = −1/3, Q = diag(2/3,−1/3, 0,−1)
YX = 1/3, Q = diag(1, 0, 1/3,−2/3) (6)
An attractive charge structure, suitable to assign quarks-leptons and their CP-conjugates to the multiplet 4L and 4R
respectively. The three generations of ordinary matter
ψq =
(
uai
dai
)
, ψl =
(
νei
ei
)
(7)
are paired with their replicas
ψQ =
(
Uai
Dai
)
, ψE =
(
νEi
Ei
)
(8)
a: color index a =r,y,b
i: generation index i=1,2,3
The three generations of quarks and leptons are assigned to the gauge group SU(4)×UX(1) in the following two ways
(suppressing both color and generation indices a and i.
Version 1:
FL =
(
ψq
ψE
)
L
=


u
d
νE
E


L,YX=−1/3
fR : [
uR, dR : YX = 4/3,−2/3
ER : YX = −2 (9)
3FR =
(
ψcl
ψcQ
)
R
=


ec
−νce
−Dc
U c


R,YX=1/3
fL : [
U cL, D
c
L : Y
c
X = −4/3, 2/3
ecL : Y
c
X = 2
Version 2:
FL =


u
d
νE
E−


L,YX=−1/3
, F ′R =


U
D
Ne
e−


R,YX=−1/3
(10)
FR =


e+
−νce
−Dc
U c


R,YX=1/3
, F ′L =


E+
−N cE
−dc
uc


L,YX=1/3
Both these representations are anomaly free as there are equal numbers of left-handed and right handed multiplets.
The second version has complicated phenomenology, we will not consider it any further.
The gauge symmetry is broken to Uem(1) in such a way so as to generate the mass patteren: m(lepto-quarks) >>
m±WR ,mZ′′ ,mZ′ >> m
±
WL
,mZ . As the Universe expands, lepto-quarks are decoupled at an early stage of expansion
followed by vector bosons W±R , Z
′, Z ′′ and mirror fermions: The lepto-quarks bosons carry ∆B = ±1/3, ∆L = ∓ 1,
so that when color is taken into account, ∆(B +L) = 0, in contrast to SU(5) where the selection rule is ∆(B −L) =
0. From Eqs. (9) and (10), it is clear that lepto-quarks bosons connect the ordinary and mirror fermions.
III. GAUGE VECTOR BOSONS AND SPONTANEOUS SYMMETRY BREAKING
The gauge vector bosons of SU(4) belong to adjoint representation. The 16 vector bosons of SU(4) × UX(1) can
be written as 4× 4 matrix.
Wµ ≡


W11(W
′
11)µ
√
2W−Lµ
√
2X
−2/3
1µ
√
2Y
−5/3
1µ√
2W+Lµ W22(W
′
22)µ
√
2X
1/3
2µ
√
2Y
−2/3
2µ√
2X
2/3
1µ
√
2X
−1/3
2µ W33(W
′
33)µ
√
2W−Rµ√
2Y
5/3
1µ
√
2Y
2/3
2µ
√
2W+Rµ W44(W
′
44)µ

 (11)
where
W11(W
′
11)µ = W3Lµ +
2
3
g1
g
B1µ ∓ 1
3
gX
g
Xµ
W22(W
′
22)µ = −W3Lµ +
2
3
g1
g
B1µ ∓ 1
3
gX
g
Xµ
W33(W
′
33)µ = W3Rµ −
2
3
g1
g
B1µ ∓ 1
3
gX
g
Xµ
W44(W
′
44)µ = −W3Rµ −
2
3
g1
g
B1µ ∓ 1
3
gX
g
Xµ (12)
In addition, another combination of neutral vector bosons is introduced
W ′′44µ = −W3Rµ −
2
3
g1
g
B1µ +
5
3
gX
g
Xµ (13)
W ′′44µ is not coupled to fermions as is clear from Eq.(12)
Now
Aµ
e
=
W3Lµ
g
+
W3Rµ
g
+
B1µ
g1
+
Xµ
gX
Bµ
g′
=
1
g
W3Rµ +
1
g′′
(
g′′
g1
B1µ +
g′′
gX
Xµ
)
(14)
4Introduce, the neutral vector bosons V ′µ and V
′′
µ
V ′µ
g′
=
1
g′′
W3Rµ − 1
g
(
g′′
g1
B1µ +
g′′
gX
Xµ
)
V ′′µ
g′′
=
(
1
gX
B1µ − 1
g1
Xµ
)
(15)
From Eqs.(14) and (15)
1
e2
=
1
g2
+
1
g′2
1
g′2
=
1
g2
+
1
g21
+
1
g2X
=
1
g2
+
1
g′′2
1
g′′2
=
1
g21
+
1
g2X
(16)
From the above equations
Aµ =
e
g
W3Lµ +
e
g′
Bµ
Zµ =
e
g′
W3Lµ − e
g
Bµ (17)
e
g
= sin θW ,
e
g′
= cos θW , tan θW =
g′
g
(18)
W33µ =
g′′
g
[
g
g′
V ′µ −
1
3
2g21 − g2X
g1gX
V ′′µ
]
= Z ′µ
W ′′44µ =
g′′
g
[
− g
g′
V ′µ −
1
3
2g21 + 5g
2
X
g1gX
V ′′µ
]
= Z ′′µ (19)
The diagonal matrix elements given in Eq.(12) can be expressed in terms of four physical neutral vector bosons Aµ,
Zµ, Z
′
µ and Z
′′
µ of the group SU(4)× UX(1).
In order to give masses to the vector bosons, the gauge symmetry group SU(4)×UX(1) is spontaneously broken.The
gauge symmetry is spontaneously broken in the following pattern
SU(4)× UX(1) −−→
V 2
SUL(2)× SUR(2)× UY1(1) × UX(1)
v2
3
,v2
4−−−→ SUL(2)× UY (1) v
2
−→ Uem(1)
V 2 >> v23 , v
2
4 >> v
2.
For this pattern, the first stage of symmetry breaking is accomplished by 15-plet of Higgs η:
〈η〉 = V√
2
diag(1, 1,−1.− 1)
This gives the lepto-quarks mass term:
M(lepto− quark) = 1
2
g2V 2[2X
2/3µ
1 X
−2/3
1µ + 2X
1/3µ
2 X
−1/3
2µ + 2Y
5/3µ
1 Y
−5/3
1µ + 2Y
2/3µ
2 Y
−2/3
2µ ] (20)
The gauge group SUL(2) × SUR(2) × UY1(1) × UX(1) is broken to the standard model group SUL(2) × UY (1) by
introducing scalar multiplets Φ3 and Φ4:
Φ3 : (1, 2)Y1=−2/3,YX=−1/3 =


0
0
Φ03
Φ−3

→


0
0
1√
2
(v3 +H3)
0

 (21)
5Φ4 : (1, 2)Y1=−2/3,YX=5/3 =


0
0
Φ+4
Φ04

→


0
0
H+4
1√
2
(v4 +H4)

 (22)
The group SUL(2)× UY (1) is broken to Uem(1) by a scalar multiplet
Φ : (2, 1)Y1=2/3,YX=1/3 =


Φ+
Φ0
0
0

→


0
1√
2
(v +H)
0
0

 (23)
Thus the vector boson mass term is given by
MW =
1
2
g2v2
[
2W+µL W
−
Lµ +
1
cos2 θW
ZµZµ + 2X
1/3µ
2 X
−1/3
2µ + 2Y
2/3µ
2 Y
−2/3
2µ
]
+
1
2
g2v23
[
2X
2/3µ
1 X
−2/3
1µ + 2X
1/3µ
2 X
−1/3
2µ + Z
µ′Z ′µ + 2W
−µ
R W
+
Rµ
]
+
1
2
g2v24
[
2Y
5/3µ
1 Y
−5/3
1µ + 2Y
2/3µ
2 Y
−2/3
2µ + 2W
+µ
R W
−
Rµ + Z
′′µZ ′′µ
]
(24)
where we have neglected the contribution of 〈Φ〉 to Z ′µ and Z ′′µ in the first term of Eq.(23), since v23 , v24 ≫ v2. For
the multiplets given in Eq.(9), the quarks and leptons acquire mass by the vacuum expectation value of the scalar
multiplets Φ and Φ3.
For this pattern of symmetry breaking we get following mass pattern for the vector bosons
m(lepto-quarks) >> m±WRµ , Z
′
µ, Z
′′
µ >> m
±
WLµ
, Z
To have an intermediate mass scale for W±Rµ, Z
′
µ, Z
′′
µ is attractive, as for this case, the phenomenology is similar to
those gauge groups with an extra neutral vector boson Z ′.
IV. GAUGE INVARIANT LAGRANGIAN
For the quark leptons assignment to the representations (4L, 1R), (4R, 1L) given in Eq.(9) the gauge invariant
Lagrangian :
L = F¯L,Riγµ
(
∂µ +
i
2
g~λ · ~Wµ ∓ i
6
gXXµ
)
FL,R
+f¯Riγ
µ
(
∂µ + i
YX
2
gXXµ
)
fR + f¯Liγ
µ
(
∂µ + i
Y CX
2
gXXµ
)
fL (25)
From Eq.(25), the interaction Lagrangian
Lint = Lint(charged) + Lint(B-L) + Lint(neutral)
Lint(charged) = − g
2
√
2


[
(ν¯eγ
µe + u¯γµd)LW
−
Lµ + h.c.
]
[
+(ν¯Eγ
µE + U¯γµD)LW
−
Rµ + h.c.
]

 (26)
Lint(B-L) = − g
2
√
2


[
(u¯γµE − U¯γµe)LY −5/31µ + h.c.
]
+
[
(d¯γµE + U¯γµνe)LY
−2/3
2µ + h.c.
]
+
[
(u¯γµνE + D¯γ
µe)LX
−2/3
1µ + h.c.
]
+
[
(d¯γµνE − D¯γµνe)LX1/32µ + h.c.
]


(27)
6Lint(neutral) = −g
[
sin θWJ
µ
emAµ +
1
2 cos θW
JµZZµ
+
1
4
[tan2 θW (−2Jµem + Jµ3 V−A)(1−
3
2
g2
g21
)
+((νeγ
µνe + eγ
µe)− (uγµu+ dγµd)
+2(νEγ
µνE − 2DγµD))L]Z ′µ
+
1
4
[tan2 θW (2J
µ
em − Jµ3 V−A)(1 +
3
2
g2
g21
)
+((νeγ
µνe + eγ
µe)− (uγµu+ dγµd)
+4(EγµE − UγµU))L]Z ′′µ
]
(28)
Jµem = [−eγµe+
2
3
uγµu− 1
3
dγµd
−EγµE + 2
3
UγµU − 1
3
DγµD]
JµZ = [J
µ
3 V−A − 2 sin2 θWJµem]
Jµ3 V−A = [(νγ
µνe]− eγµe+ (uγµu− dγµd))]L (29)
From Eqs.(25) and (27), it is clear that neither the charged (V-A) current nor the neutral current for the mirror
fermions is coupled to the vector bosons W±Lµ and Zµ. Thus the mirror fermions are decoupled from the fermions of
the standard model except through lepto quark bosons or through electromagnetic current. In particular the decays:
νE → d+ D¯ + νe, νE → u+ D¯ + e−
through lepto-quarks X
1/3
2µ and X
−2/3
1µ are not energetically allowed. Also the decay of νE through neutral vector
bosons Z ′µ, Z
′′
µ is not possible. The heavy neutrinos νEi , i = 1, 2, 3 are stable and are good candidates for the dark
matter.
Finally the couplings of scalar multiplets to fermions give mass term :
[(
hdd¯LdR + huu¯LuR + hee¯LeR
)
+ h.c
] 1√
2
(v +H)
+
[(
hνE ν¯ELNER + hEE¯LER + hDD¯LDR + huu¯LuR
)
+ h.c
] 1√
2
(v3 +H3)
+
[(
fdd¯LER + feU¯RνeL
)
H−2/3 + h.c.
]
(30)
where an extra right-handed neutrino NER is introduced. The neutrino νE acquires Majorana mass through see-saw
mechanism. From Eq. (27), it is clear that the decay channels Z → E−E+, UU,DD are available to Z-boson through
Jµem in J
µ
Z . The decay width of Z boson is accurately accounted for in terms of the decay channels of the standard
model, it follows that mE ≥ mZ/2; the mirror electron being the lightest fermion coupled to Z. Hence the mass scale
v3/v for breaking the group SUL(2)× SUR(2)× UY1(1)× UX(1) to SUL(2)× UY (1) is given by
hEv3
hev
≥ mZ/2
me
v3
v
≥ mZ
2me
(
he
hE
) ∼ 105( he
hE
). (31)
Hence from the above equation
m′Z/mZ ≥ 105(
he
hE
)
If he ∼ hE , m′Z ≥ 105mZ . However, if hE >> he, then the lower limit for mZ′ is much lower. For example,
hE/he 10
3, mZ′ ≥ 102mZ . The mass hierarchy of fermions in the standard model requires that Yukawa coupling of
Higgs scalar increases with mass of the fermions; hence assuming this pattern, it is possible hE >> he. If v4 > v3,
then Z ′ is lighter than Z ′′; it has similar phenomenology as for the models with an extra neutral vector boson. If
v4 ≈ v3, then we have two extra neutral vector bosons degenerate in mass.
7V. CONCLUSION AND SUMMARY
We briefly discuss the baryon genesis. A typical lepto-quark decays into a mirror fermion accompanied by an
ordinary light antifermion:
X¯ → q¯L : rq¯ X → qL¯ : rq
→ Q¯l : rQ¯ → Ql¯ : rQ
where
rq¯ + rQ¯ = 1, rq + rQ = 1
As is well known, baryon genesis requires
rq 6= rq¯, rQ 6= rQ¯
For baryon genesis in our universe
∆Bq = (Bq −Bq¯) = (rq − rq¯) rq > rq¯
∆L = (L− L) < 0
Now
∆BQ =
(
BQ −BQ¯
)
=
(
rQ − rQ¯
)
= [(1− rq)− (1− rq¯)] = (rq¯ − rq) < 0
∆l = (l − l) > 0
Hence for our Universe; ∆Bq > 0, ∆l > 0, implies ∆BQ < 0; ∆L < 0
Hence baryon-genesis in our universe implies antibaryon genesis in the mirror universe; overall a symmetric Universe.
To summarize: A model for electroweak unification of quarks and leptons is constructed. The gauge group for
unification is SUC(3) × SU(4)× UX(1), which is just an extension of SUL(2)× U(1) to SU(4)× UX(1). The model
requires three generations of quarks and leptons which are replica (mirror) of quarks and leptons of the standard
model. The gauge group SU(4)× UX(1) is spontaneously broken in such a way as to reproduce the standard model
and to generate mass pattern m(lepto-quarks) >> m±WRµ , Z
′
µ, Z
′′
µ >> m
±
WLµ
, Zµ. The Z-boson decay width give the
lower limit, on the mass scale of mirror fermions: mE ≥ mZ/2, the lightest mirror fermion coupled to Z. The lepto-
quarks connect the standard model and mirror fermions. The matter dominated our Universe implies antimatter
dominated mirror Universe.
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